Direct conversion of an amorphous carbon (C) film to capsules by gallium (Ga), and nickel and cobalt (NiCo) alloy particles upon heating is investigated in situ by transmission electron microscopy (TEM). Capsules are catalyzed in an NH 3 atmosphere when the temperature is raised to 1050 C. High resolution TEM reveals that graphene flakes initially nucleate at the surface of the catalysts, then segregate and transform into faceted multi-shell capsules upon continued heating. The solubility of carbon in the NiCo alloy particles can be differentiated from the solubility of carbon in Ga particles by the thickness of the walls. The C/Ga binary phase in nanoparticles is discussed regarding the formation of thin-walled carbon capsules.
I. INTRODUCTION
Carbon nanocapsules are zero dimensional structures consisting of carbon shells wrapping solid cores. When the shells wrap transition metal crystals of nanometer size, the core-shell structures offer promising potential in high-density data storage 1 and in vitro applications. 2 One of the advantages of carbon shells is that they protect core crystals, typically iron-group metals, from oxidizing and etching. Carbon capsules have been synthesized by chemical vapor deposition (CVD), 2 arc discharge, 3, 4 and radio frequency plasma torch. 5 The carbon products synthesized by arc discharge include not only nanocapsules, but also nanotubes, 6, 7 nanoparticles, 8, 9 and nanocages. 10 Many metals have been used as catalysts when using arc discharge and laser vaporization to grow core-shell structures, including transition metals of Sc, 11 Y, 12 Fe, 13 and the lanthanide metal La. 14 Seraphin et al. 15 systematically categorized elements into the four groups commonly used for manufacturing core-shell nanostructures by arc discharge. In the first group, the core is in the form of carbides and consists of B, V, Mn, Y, Zr, Nb, Mo, and La. In the second group, the core, which cannot be encapsulated but tolerates the formation of carbon cages, consists of Cu, Zn, Pd, Ag, and Pt. In the third group, the core has a strong potential that forms stable carbides and competes with the formation of cages, and consists of Al, Si, Ti, Sn, and W. The last group consists of the iron group transition metals, Fe, Co, and Ni, which can stimulate the formation of filled and/or unfilled tubules, beads, and cages. In addition to arc discharge, carbon nanocapsules have been synthesized by using copper phthalocyanine (CuPc) as the precursor in the CVD. 16 Pseudohexagonal carbon or silicate nanocases with a different morphology have also been synthesized by mesoporous templates, and interesting applications to component separation and drug delivery have been demonstrated. [17] [18] [19] [20] The synthesis of ultrasmall carbon capsules and thin-walled shells are still being pursued. 21 Carbon nanostructures have been commonly analyzed by transmission electron microscopy (TEM) to reveal morphology, microstructure, elemental identification, and mapping. Simultaneously, TEM has also been used to study carbon structures dynamically, including the formation of capsules from Al-and Au-C core-shell structures in vacuum 22, 23 and capsules from Ni-C in a hydrogen atmosphere, 24 and hollowing Ni-caged capsules 25 and converting carbon onions to diamond crystals. 26 The complexity and extreme conditions involved in arc discharge and CVD make the nucleation and growth mechanisms of carbon capsules difficult to understand fully. Here, by extending the materials of interest and focusing on the in situ inspection of the evolution of products grown by gallium (Ga) particles and nickel and cobalt (NiCo) alloy particles in an NH 3 atmosphere on an amorphous carbon-coated grid in a TEM, we have found that thin-shelled nanocapsules can be catalyzed by Ga.
II. EXPERIMENTAL METHOD
The in situ growth and analyses were carried out on an ultrahigh vacuum JEM2000V (Japan) TEM (1 Â 10 À9 Torr), which was operated at 200 keV. This microscope is fitted with an LaB 6 gun, electron beam evaporators, a gas inlet, a charge couple device (CCD) camera and a Gatan Imaging Filter (GIF; Pleasanton, CA). The catalysts used in the experiment included Ga, Ni, and Co. Ga droplets were first placed on an amorphous carboncoated Mo grid which was then glued onto an Si substrate through which a current was passed to heat the specimen grid. The Si substrate was thinned until perforation using a dimpler. After loading the substrate in the TEM, Ni and Co were codeposited from separate electron beam evaporators at room temperature. Subsequently, the grid was gradually heated from room temperature to 1050 C. When the temperature reached 850 C, NH 3 was injected with the pressure held at 6 Â 10 À6 Torr. During this process, an area containing Ga droplets was observed on a TV rate camera and recorded on videotape.
For comparison, we also performed two additional in situ growth experiments using only Ga particles or Ga and Ni alloy particles as catalysts separately on a JEOL JEM2010 TEM fitted with a LaB 6 gun, operated at 200 keV and a CCD camera at a TV scanning rate. In the former case, the Ga particles were placed on a carboncoated Mo grid. In the latter case, the Ni particles were deposited on a carbon-coated Mo grid by an electron beam evaporator, and the Ga particles were then placed on the same grid. The heating process was done with a Gatan heating holder up to 900 C. TEM post analysis was performed with the same microscopes as well as with a JEOL JEM2100F, operated at 200 keV, fitted with CCD cameras and a GIF.
III. RESULTS
Selected snapshots representative of the evolution of Ga particles, alloy particles and the formation of carbon capsules during heating are shown in Fig. 1 . Figures 1(a) and 1(b) show a large Ga particle disintegrating into smaller particles and the distribution of NiCo alloy particles at 850 C and 1000 C, respectively. Figure 1 (c) shows hollow and catalyst-caged capsules at 1050 C. During heating, the Ga particles remained liquid with high fluidity, which caused the image contrast to change continuously. The size of the Ga particles also decreased due to evaporation as the temperature was increased. In contrast, the size of the alloy particles increased slightly, while their area density reduced from 10 Â 10 11 cm À2 down to 5 Â 10 11 cm À2 when the temperature was raised from 850 C to 1000 C. The yield of the carbon capsules may be relatively lower than the commonly used methods probably due to limited carbon source.
Possible catalysts for the capsule formation in this study included NiCo alloy particles, alloy-Ga core-shell particles, and Ga particles, as shown in Fig. 1(b) . Different morphologies of capsules are shown in Fig. 1(c) , including filled, partially-filled, and hollow capsules, as indicated by the arrows in the figure. More variants are shown in Fig. 2. Figures 1(c) and 2 reveal that the graphene shells take the shape of the catalysts. Because of the different size distribution of the different catalysts, medium-sized capsules were catalyzed from NiCo alloy or alloy-Ga core-shell particles, as shown in Figs. 2(a) and 2(b), while larger-sized capsules were formed from Ga particles, as shown in Figs. 2(c) and 2(d). The wall thickness of the capsules varied from 2 to 12 nm, as shown in Fig. 2(e) , and the distribution of the core diameter of the capsules had two maxima at 20 nm and 30 nm, as shown in Fig. 2(f) , corresponding to the capsules catalyzed from NiCo alloy particles and Ga or compound particles, respectively. The ratio of the wall thickness to the capsule diameter from statistical analysis shows three peaks, which are at 0.12, 0.17 to 0.26, and >0. walls formed around large catalyst particles, consistent with the particle being Ga particles, while the latter two groups should be related to the NiCo alloy particles.
To determine the state of alloy particles at 1050 C, images were carefully checked for diffraction contrast, but such an approach was insufficient and made it difficult to demonstrate that the smaller alloy particles were crystalline. Hence, the melting temperature (T m ) of the alloy particles was estimated theoretically following the analyses of Jiang et al. 27 According to the phase diagram, 28 the melting temperatures (T m ) of bulk Ni, Co, and NiCo alloy are 1455 C, 1500 C, and nearly 1500 C, respectively. Due to the size effect, T m would be reduced, and the critical particle size of NiCo alloy for melting at 1050 C is about 6 nm. Therefore, it is supposed that the alloy particles are solid.
The distribution of elements in the particles was investigated using energy-filtered imaging. A bright field (BF) image and C, Co, and Ni elemental maps are shown in Fig. 3 . The carbon map clearly exhibits two capsules, indicated by the letters A and B, and shows that the wall thickness of capsule A is much larger than that of capsule B. By comparing the BF image [ Fig. 3(a) ] with the C and Ni maps [ Figs. 3(b) and 3(d) ], it can be seen that there is a tiny alloy particle remaining at the core of capsule A with another alloy particle overlaying the wall of this capsule, while capsule B partially encapsulates another alloy particle. It is likely that capsule B formed around an alloy-Ga core-shell catalyst particle from which the Ga particles evaporated, leaving a hole and an alloy particle behind.
High resolution TEM images of the capsules are shown in Fig. 4 , where Figs. 4(a), 4(b), and 4(c) show an as-grown capsule, a partially-filled capsule, and a faceted cage, respectively. For the as-grown capsule [ Fig. 4(a) ], disordered graphene flakes have grown around the particle, while for the partially-filled and hollow capsules, they are crystalline, and the graphene lattice spacing of the capsule in Fig. 4(c) is 0.34 nm over the entire thickness range. Figure 4(b) shows that the graphene layers have grown epitaxially on the catalyst, which has a spacing of 0.35 nm, subject to (100) of primitive cubic CoC x carbide. 29 To confirm the role of Ga in the carbon capsule formation, two more in situ experiments were performed and the results are shown in Fig. 5 , with the left and right panels acquired from the TEM grid with Ga show snapshots of the two samples when the temperature was raised to 900 C. The catalytic power of pure Ga particles is obviously reduced, and only ultrathin graphene flakes are formed, as indicated in Fig. 5(c) . On the other hand, the Ga/Ni particles are capable of catalyzing carbon capsules and, during growth, Ga escapes out of the capsules due to evaporation, leaving behind a hollow core in the capsule, as shown in Fig. 5(d) .
IV. DISCUSSION
Compared with the equilibrium vapor pressure of close to 7 Â 10 À4 Torr at 1000 C for Ga, the TEM chamber was kept at 1 Â 10 À9 Torr. However, Ga particles remained up to 1000 C, as shown in Fig. 1(b) , indicating that graphene flakes catalyzed at the surfaces of Ga particles could slow down evaporation. Ga atoms could evaporate and escape from a capsule at temperatures higher than 950 C. Due to their larger initial size, the Ga particles synthesized large cages, as shown in Figs. 2(c) and 2(d) .
In JEM2000V and JEM2010, the emission current at 200 keV was set to 109 mA and the microscope condenser aperture limited the irradiated area. The electron dose was calculated to be less than 100 A/cm 2 , which was less than the 150 A/cm 2 required to form spherical onions. 30 Hence, the effects from electron beam irradiation were relatively minor.
In the literature, carbon nanostructures have been catalyzed through the vapor-solid-solid (VSS) mechanism, in situ observed by Hoffman et al., 31 from which carbon atoms dissolve in solid precursors, undergo bulk and/or surface diffusion, and then segregate from the supersaturated precursors to form carbon nanostructures. In contrast, in the immiscible system, including Al-C 22 and Au-C, 23 crystalline Al and Au nanoparticles also catalyze carbon capsules. Although there is no phase diagram available for Ga-C, 28 in our study, Ga particles and NiCo-Ga core-shell particles catalyzing carbon capsules were in situ observed and demonstrated. The carbon source is supplied by redeposition from the TEM chamber and/or diffusion from the amorphous carbon film. Hence, we speculate that carbon atoms exhibit relatively low solubility and/or immiscibility in Ga, and physorbed carbon atoms on the surface of Ga particles are catalyzed to form graphene flakes. Therefore, two catalyst-dependent nucleation and growth mechanisms are proposed for the formation of multi-shell capsules in this study, as shown in Fig. 6 . In addition, NiCo alloy particles can be either liquid or solid, depending on their sizes, which causes variations in the morphology of the nucleated graphene layers. For liquid NiCo alloy particles, oversaturated carbon forms disordered graphene flakes and nucleates at the surface of the catalyst particles, as shown in Fig. 6(a) , and takes the shape of particles. Subsequently, the disordered flakes convert to epitaxial faceted shells upon annealing, as shown in Fig. 6(b) , and additional carbon is supplied and segregated from the catalyst particles to form the multishell capsules, as shown in Fig. 6(c) . Upon continued heating, catalyst atoms gradually diffuse out of the capsules through defects in the shells and the pathways between the shells, resulting in hollow and catalysttrapped capsules. For solid NiCo alloy particles, the process follows the steps proposed for the liquid phase, except that ordered graphene flakes initially nucleate on the surface of the alloy crystals, resulting in the growth FIG. 6 . Schematic illustration of nucleation and growth mechanisms of alloy particles and Ga particles catalyzing carbon capsules. (a) Graphene flakes nucleate at the surface of an alloy particle, (b) the flakes connect and wrap around the alloy particles, (c) graphene shells segregate from the alloy particle, changing into a partially-filled capsule. (d) Carbon atoms are physorbed on the surface of a Ga particle, (e) the physorbed carbon layer is catalyzed to form graphene flakes, and (f) a partially-filled capsule is observed due to Ga evaporation out of the core. of epitaxial faceted layers directly. For Ga particles, carbon atoms are absorbed on the Ga surface, as shown in Fig. 6(d) , and are converted into disordered flakes, as shown in Fig. 6(e) . Such flakes also convert to faceted multi-shell capsules upon annealing, but the thickness is much smaller since the growth would terminate without an additional carbon supply. As the process continues, the Ga particles shrink due to evaporation, as shown in Fig. 6(f) , and eventually hollow capsules result. Consequently, capsules synthesized from either alloy or Ga particles will eventually be converted to faceted shells upon annealing, while their thickness is determined by the solubility of carbon in the catalyst particles.
V. CONCLUSION
We have demonstrated that Ga and NiCo particles catalyze carbon capsules from an amorphous carbon thin film on heating in a TEM. Both phases grow carbon capsules via different growth mechanisms but the catalytic power of NiCo is superior to that of Ga particles. The NiCo-Ga core-shell nanoparticles change the solubility of C in this structure and, in turn, improve the catalytic power to synthesize thicker wall capsules than those from Ga particles alone.
